Abstract Chemical cross-linking in combination with matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) has emerged as a powerful tool to study non-covalent protein complexes. Nevertheless, there are still many questions to answer: Does the amount of detected cross-linked complex correlate with the amount of protein complex in solution? In which concentration and affinity range is specific cross-linking possible? In order to answer these questions, we performed systematic cross-linking studies with two complexes using the N8 hydroxysuccinimidyl ester disuccinimidyl suberate (DSS): i) NCoA-1 and mutants of the interacting peptide STAT6Y, covering a KD range of 30 nM to > 25 μM and ii) α-thrombin and basic pancreatic trypsin inhibitor (BPTI), which shows a buffer dependent KD value between 100 and 320 μM. Samples were analyzed by MALDI-MS. For NCoA-1•STAT6Y, a good correlation of the amount of cross-linked species with the calculated fraction of complex present in solution was observed. Thus, chemical cross-linking in combination with MALDI-MS can be used to rank binding affinities. The specificity of complex formation for the mid-affinity range up to about KD ≈ 25 μM could be proven by comparing against a non-binding peptide and by studying the concentration dependence. In order to study in which affinity range specific cross-linking can be applied, the weak α-thrombin•BPTI complex was investigated. Although variations of the sodium concentration can change the dissociation constant up to 3-fold for this interaction, no significant effect on the amount of detected complex was observed at different peptide concentrations. Our interpretation of this result is that the detected complex is not specific, but a nonspecifically cross-linked species. Consequently, chemical cross-linking is not applicable to low-affinity complexes with KD >> 25 μM with the experimental approach used in this study. 
Introduction

1
The identification and quantitation of protein-protein interactions is the basis for relies upon an acylation of nucleophilic residues, namely amines of lysine or the N-terminus, and 22 hydroxyl side chains of serine, threonine or tyrosine [8, 9] , which are accessible on the exterior determined by UV-absorption at 280 nm using a NanoDrop 1000 (Thermo Fisher Scientific, 7 Wilmington, USA).
8
The cross-linker DSS was obtained from Pierce (Rockford, USA) and sinapinic acid from 9 Sigma-Aldrich. All commercial solvents and reagents were obtained in the highest available 10 purity and used without additional purification. constants for the complex with the coactivator protein determined at 298 K by Seitz et al. [20] 10 are listed in Tab. 1. Given that all mutants form 1 : 1 complexes with NCoA-1 at the same 11 binding site and have the same amount of cross-linkable primary amino groups, this system is 12 very well suited to study the effect of binding affinities on chemical cross-linking.
13
Since the experiments were conducted at temperatures about T = 278 ± 3 K to avoid 14 protein degradation, the K D values had to be adapted to the utilized reaction conditions using the 15 integrated van`t Hoff equation (1) kDa was detected for all derivatives. In the control spectra, a peak at m/z 14800 corresponding to 9 ionized NCoA-1 was observed (data not shown), the mass spectra of the cross-linked sample 10 contained a slightly shifted NCoA-1 peak (due to attached cross-linker molecules whose other the specificity of the detected complexes has to be confirmed, as will be demonstrated below.
22
The areas of the cross-linked complexes were normalized by the total peak area of the 
12
The comparison of R th and R XL is shown in Fig. 2b . For most of the peptides, less with the course of R th was detected.
20
We also estimated errors bars based on the following uncertainties: for the concentration 21 measurement by UV, the error resulting from the sum of absorbance accuracy and 22 reproducibility of the NanoDrop is about 10 %. Additionally, an estimated absorption coefficient 1 ε (http://expasy.org/) was used. Although only a minimum laser power at the detection limit and 2 a final protein concentration of 5 M was used to obtain the spectra of the control and the cross- For the control samples, protein-peptide adducts were observed in some cases with a relative 7 peak intensity up to 15 % (data not shown). For the mass spectra of cross-linked samples, cross-8 linked complexes aggregated with one or two peptides occurred from time to time (Fig. 2a) .
9
Because of this adduct formation, quantitative analysis of the fraction of cross-linked complex by 10 MALDI-MS is slightly hampered. Based on measured standard deviations for the relative 11 complex amount and the presence of non-specific gas-phase adducts, an error of 10 % was 12 estimated for R XL for all peptides.
13
The R XL values of L794A and P797A exhibited a closer match between measured and 14 theoretical complex amounts for the mutants. Two main reasons are believed to be responsible 15 for that: 1) The influence of unspecific adducts plays a more important role for the low-affinity 16 complexes since the relative error for the relative complex amount is much higher than for the 17 high-affinity complexes.
2) The peaks of the protein and the cross-linked protein-peptide 18 complex are not perfectly resolved. Since the integration limits were chosen at the minimum 19 intensity between these peaks, the amount of cross-linked complex is probably overestimated for 20 the low-affinity complexes.
21
Nevertheless, the observed correlations between the binding affinity and the amount of these assumptions, the numerator of equation (2), conditions.
Consequently, the highest agreement with solution phase levels is assumed to occur for 22 extremely efficient cross-linkers with higher reaction speed, higher reactivity towards different 
Specificity as a Function of Concentration
7
Since the cross-linker reacts simply with reactive amino acid side chains in close 8 proximity and does not differentiate whether the reaction partners are participants in a specific 9 noncovalent interaction, nonspecific cross-linking of proteins is possible. As the concentrations 10 of the biomolecules increase, the probability of a cross-linking reaction between two non-binding 11 molecules increases.
12
In order to prove that the observed cross-linked species of NCoA-1•STAT6Y is a specific fragile complexes is NMR, as reviewed in reference [2] . In order to test whether chemical cross- 14 Surprisingly, few unspecific gase-phase adducts were observed in the MALDI mass spectra for 15 the conditions chosen, which simplified spectra interpretation significantly. unsuitable for weak complexes with the experimental procedure described above. 
Tables
